dietary patterns associated with low levels of micronutrients and phytochemicals, 21 and low levels of physical activity.
PURPOSE. To investigate the relationship between serum 25-hydroxyvitamin D (25[OH]D) levels and nuclear cataract among participants of the Carotenoids in Age-Related Eye Disease Study (CAREDS), an ancillary study of the Women's Health Initiative (WHI) Observational Study (OS).
METHODS. Nuclear cataract was assessed from slit lamp photographs (2001) (2002) (2003) (2004) ) taken 6 years after collecting serum analyzed for 25(OH)D levels at WHI baseline (1994) (1995) (1996) (1997) (1998) in 1278 CAREDS participants age 50 to 79 years. Multivariate (age, iris color, smoking, pulse pressure) odds ratios (ORs) for nuclear cataract (nuclear opacities > level 4 or cataract extraction) by quintiles of serum 25(OH)D were estimated using logistic regression.
RESULTS.
No significant association was observed between serum 25(OH)D and nuclear cataract among women of all ages (age-adjusted OR [95% confidence interval (CI)] 0.97 [0. 65-1.45] ). However, there was a significant age interaction (P for interaction ¼ 0.04). There were no significant associations in the women 70 years or older. In women younger than 70 CONCLUSIONS. Serum 25(OH)D levels were unrelated to nuclear opacities in this study sample. However, exploratory analyses suggest a protective association in women younger than 70 years. Further investigations of the relationship between vitamin D and nuclear lens opacities are warranted.
Keywords: vitamin D, cataract, diet, cataract extraction C ataracts are the most commonly diagnosed age-related eye disease in the United States, affecting an estimated 31% of individuals between the ages of 65 and 74 and 53% of individuals 75 years and older. 1 Nuclear cataracts are the most common subtype in Americans. 2 The major nonmodifiable risk factors are older age and brown iris color. [3] [4] [5] [6] Modifiable risk factors include lifestyles that can increase inflammation and oxidative stress: smoking, [7] [8] [9] [10] [11] [12] alcohol use, 8, [13] [14] [15] obesity, [16] [17] [18] [19] [20] dietary patterns associated with low levels of micronutrients and phytochemicals, 21 and low levels of physical activity. 22, 23 Pathophysiologically, nuclear cataract has been linked to intraocular and systemic inflammation 24, 25 and diseases with strong inflammatory components. 3, 4, 26, 27 Vitamin D has been suggested to have anti-inflammatory properties. 28, 29 Adequate vitamin D status may therefore be protective against nuclear cataract. However, no previous studies have directly evaluated relationships between serum biomarkers of vitamin D status and nuclear cataract.
Our primary purpose was to investigate the association between serum 25-hydroxyvitamin D (25[OH]D) levels and nuclear cataract prevalence in postmenopausal women ages 50 to 79 residing in the northern United States using data from the Carotenoids in Age-Related Eye Disease Study (CAREDS). Our secondary aim was to evaluate to what extent serum C-reactive protein (CRP) levels, a marker of systemic inflammation, explained the potential association.
METHODS

Study Sample
Individuals in this study were part of the 2005-member CAREDS population, an ancillary study of the Women's Health Initiative Observational Study (WHI-OS). 30 The CAREDS consists of postmenopausal women ages 50 to 79 years, who were enrolled at 3 of the 40 WHI-designated sites (the University of Wisconsin in Madison, the University of Iowa in Iowa City, and the Kaiser Center for Health Research in Portland). We sampled 50% of the cohort by including women who had self-reported dietary intakes of lutein plus zeaxanthin that were either above the 78th or below the 28th percentiles, as assessed at WHI baseline (1994) (1995) (1996) (1997) (1998) . These participants were then followed-up an average of 6 years later as part of CAREDS (2001) (2002) (2003) (2004) . The details of the CAREDS and WHI studies are published elsewhere. 21, 31 Inclusion criteria included gradable nuclear lens photographs (n ¼ 1821) and serum specimens analyzed for 25(OH)D (n ¼ 1475) women. (Women who did not have either serum specimens and gradable nuclear lens photographs were not included, n ¼ 613.) Exclusion criteria were a history of trauma to both eyes (n ¼ 32), unreliable diet data (n ¼ 1), self-reported cataract extraction before the age of 40 (n ¼ 1), missing covariate data (n ¼ 29), or factors that could impact the absorption of vitamin D from foods and supplements, including ulcerative colitis, part of intestines removed, or special malabsorptive diet (n ¼ 51). This resulted in a final analysis dataset of 1278 individuals. Excluded women (n ¼ 727) were slightly older on average compared with the included participants (70.3 vs. 69.3 years, P ¼ 0.0013). There were no significant differences between the excluded and included groups with respect to age-standardized rates of cataract extraction (17.5% and 18.0%, P ¼ 0.77), mean nuclear sclerosis score (3.6 vs. 3.6, P ¼ 1.00), mean daily vitamin D intake from foods and supplements (11.6 vs. 12.1 lg, respectively; age-adjusted P ¼ 0.11), or any of the covariates used in this study (data not shown). This sample permitted 80% power to detect a 16% or more change in odds ratios (ORs) corresponding to a 1 SD change in 25(OH)D. Institutional review board approval and informed consent were obtained. Research adhered to the tenets of the Declaration of Helsinki.
Serum Assays
Serum 25(OH)D was chosen for this analysis, as it is widely recognized as the appropriate measure of an individual's vitamin D status and reflects oral intake (diet and supplements) and cutaneous production. 32 Serum samples were drawn at WHI baseline (1994-1998) after a 10-hour or longer fast and stored at À808C 30 and analyzed in nanomoles via the DiaSorin LIAISON chemiluminescence method (Heartland Assays, Inc., Ames, IA, USA). 33 The coefficient of variation using blind duplicates was 8.9%. Serum 25(OH)D levels were then adjusted for month of blood draw, as previously described. 33 Serum high-sensitivity (hs)-CRP samples were similarly obtained at WHI baseline (1994) (1995) (1996) (1997) (1998) in 1126 of the 1278 women who had sufficient serum 25(OH)D samples and analyzed using the hs-CRP assay kit (DiaSorin, Stillwater, MN, USA).
Age-Related Nuclear Cataract Classification
Lens photography and eye examinations were conducted at the CAREDS study visits (2001-2004) 6 years after serum collection (1994-1998) using the standardized Early Treatment for Diabetic Retinopathy Study protocol 34 that was modified for the Age-Related Eye Disease Study. 35 Grading reliability has been previously reported. 36 Both eyes were examined with slit lamp biomicroscopy. A single colored nonstereoscopic photograph using a central fixed slit beam from 12 to 6 o'clock (0.3 3 0.9 mm height and width, respectively, at a 45-degree angle) was taken of each eye with a modified Topcon slit lamp camera (Topcon, Paramus, NJ, USA). The nuclear sclerosis severity in the center of the lens was graded against a series of seven standard photographs, producing continuous scores on a decimal scale that can range from 0.9 to 7.1. The standard photographs were approximately linearly spaced with respect to optical density, as measured by a digital image processor. Two main factors are considered in grading nuclear sclerosis: (1) the opalescence of the nuclear landmarks, especially the sulcus, and (2) the definition of the nuclear surface bands. Severity of nuclear sclerosis was determined in eyes that had not previously undergone cataract extraction. Dates of cataract extraction in each eye, trauma to eyes, and physiciandiagnosed histories of cataract were also queried at the time of lens photography. 21 The primary outcome was nuclear cataract (NC), defined as a nuclear sclerosis severity score of 4 or greater in the worse eye and/or a history of cataract extraction in either eye. It was previously determined in a similar population that the incidence of cataract surgery was highest among people with photographically evident cataracts in the nuclear region of the lens, 9 suggesting that NCs were likely in women who had received cataract extractions. Given the potential confounding effect of cortical and posterior subcapsular cataracts in the cataract extraction population, we compared the results of these two outcomes separately. Data trends were similar when evaluating these two outcomes separately (data not shown).
Covariates
Ultraviolet B (UVB) Exposure. As part of CAREDS, participants reported their sunlight exposure for each city/ town in which they resided from age 18 years to present. For each residence, participants reported the number of daytime hours (<1, 1-3, >3) spent in direct sunlight between 10 AM and 4 PM, in the months of April through September, during weekdays, leisure time, and vacations. Participants also documented if the main daytime activity was on the water for 3 hours or more (no, yes) and whether they used protective gear (hats, sunglasses, and protective lenses). These data permitted average annual ambient UVB exposure at WHI baseline (an average of 6 years before eye photography) and computation of estimated average annual ocular UVB exposure over a women's adult life using conversion coefficients from a previously published algorithm. 37 Nonnutritional Covariates. Demographic, lifestyle, and health history data were obtained from WHI entry questionnaires (education, ethnicity, smoking, physical activity, diet, height, weight, hormone replacement therapy use, alcohol use, pulse pressure, diabetes, hypertension, and cardiovascular disease). Age, family history of cataract (immediate family member aged <65 years when diagnosed), smoking, alcohol use, and diabetes were updated from CAREDS questionnaires. Iris color was classified from photographs taken at the CAREDS eye examination.
Nutritional Covariates From Foods and Supplementation. At WHI baseline, nutrient intake from foods was estimated from a self-administered food frequency questionnaire, 38 to assess usual dietary intake over the previous 3 months. An interviewer-administered form was used to collect information on the dose, frequency, and duration of current supplement use at WHI-OS baseline. 38, 39 Responses to these diet and supplement questionnaires were combined to estimate total intake of vitamins D, C, 21 and E, 40 and fat 31 and lutein and zeaxanthin, 31 which have been associated with decreased NC risk.
Statistical Analyses
Age-adjusted ORs and 95% confidence intervals (95% CI) for NC were computed by quintiles (Q) of serum 25(OH)D for each risk factor (PROC LOGISTIC in SAS version 9.1 statistical software; SAS Institute, Inc., Cary, NC, USA) with Q1 (low 25 [OH]D concentrations are the reference group). The P for trend across continuous levels of serum 25(OH)D was also computed. We explored the possibility of an age interaction in the relationships of cataract to 25(OH)D before model building. The rationale was based on the observation of age interactions in relationships of nutritional variables to ocular endpoints previously noted in this cohort. 33, 41 A P for interaction of less than 0.10 was considered statistically significant. When present (P < 0.10), ORs were computed separately in two approximately equal age strata (<70 vs. ‡70 years).
Potential confounders for the relationship between serum 25(OH)D and NC included all measured variables biologically related to NC, including age, iris color, smoking, pulse pressure, physical activity, diabetes mellitus, oral or inhaled corticosteroid use, hormone therapy, family history of cataract, and several nutritional factors. Variables related to both serum 25(OH)D and NC from a univariate logistic regression (P < 0.20) were chosen as a priori confounders.
Further exploratory analyses were done to guide interpretation of the results. Multivariate models were adjusted for the strongest predictors of 25(OH)D levels, including exogenous sources of vitamin D (vitamin D intake from foods and supplements and baseline UVB at WHI) and body mass index (BMI). 42, 43 We also explored whether adjusting for hs-CRP, attenuated the association to evaluate potential evidence that the association might be explained by an anti-inflammatory mechanism. Last, we explored whether there was evidence that higher 25(OH)D levels might reflect two opposing influences; both the protective effect of adequate vitamin D status and the harmful cumulative effects of lifetime UVB exposure.
RESULTS
Participant Characteristics
Of the 1278 participants included in the study, 98% were Caucasian. A total of 516 (40%) women had NC; 283 women had nuclear sclerosis score higher than 4, and an additional 233 women reported cataract extraction surgeries. The median (range) value of serum 25(OH)D in Q1 was 30 nM (7-38) and 86 nM (75-165) in Q5. Participants in the highest quintile of serum 25(OH)D compared with those in the lowest quintile were more physically active, had lower BMIs, higher selfreported annual ambient UVB exposure at WHI baseline, were more likely to have a family history of cataract, and were less likely to report alcohol use (Table 1) . Highest quintile participants also had higher modified Health Eating Index 2005 (modified HEI 2005) scores, lower serum hs-CRP levels, and reported higher levels of vitamins C, D, and E intake from foods and supplements. Participant characteristics by 25(OH)D quintile in women younger than 70 and older than 70 years were similar (data not shown).
Associations Between Serum 25(OH)D and Cataract
In the age-adjusted model, there was no statistical association between NC and serum 25(OH)D in Q5 versus Q1 (OR 0.97, 95% CI 0.65-1.45, P trend ¼ 0.58) ( Table 2 ). There was a statistically significant age interaction (P for interaction ¼ 0.04). Women younger than 70 years in Q5 had significantly lower odds of NC relative to women in Q1 (OR 0.62, 95% CI 0.34-1.11, P trend ¼ 0.02), whereas women 70 years or older in Q5 had nonsignificant higher odds of NC relative to women in Q1 (OR 1.49, 95% CI 0.86-2.60, P trend ¼ 0.17). This remained true after additional adjustment for multivariate confounders (age, iris color, smoking, pulse pressure) ( Table 2 ; Fig.) . Therefore, the remaining analyses were conducted in women younger than 70 years and 70 years or older separately.
Among women younger than 70, multivariate adjusted ORs (95% CI) for NC were less than 1 in Q4 and Q5, relative to Q1 (OR 0.54, 95% CI 29-0.99 and OR 0.66, 95% CI 0.36-1.20, P for trend ¼ 0.03, respectively). We then explored adjustment for exogenous sources of vitamin D (vitamin D intake from foods and supplements and UVB exposure) at WHI baseline, as previous analyses showed these variables explained the largest amount of variability in 25(OH)D in this sample; 9.5% and 7.0%, respectively. 43 The ORs in Q4 and Q5 indeed weakened by 8% and 14%, respectively, and the P for trend became nonsignificant (OR 0.62, 95% CI 0.33-1.17, and OR 0.80, 95% CI 0.42-1.53; P for trend ¼ 0.16, respectively). Likewise, adjustment for BMI, a strong predictor of vitamin D status, also weakened the multivariate ORs in Q4 and Q5 by 9% and 13% and the P for trend became nonsignificant (OR 0.63, 95% CI 0.34-1.19 and OR 0.7, 95% CI 0.42-1.48; P for trend ¼ 0.16, respectively). Adjusting for physical activity, which explained only 2.5% of variability in levels of 25(OH)D in this sample, 42 did not attenuate ORs (data not shown).
Further adjusting for total vitamin C, total vitamin E, total fat, total lutein and zeaxanthin or the modified HEI 2005 scores 21 did not substantively modify ORs (data not shown). Adjusting for education, as a marker of socioeconomic status, also did not change the protective association between 25(OH)D and NC (data not shown).
We next explored whether the association of higher serum 25(OH)D with lower risk of NC may be explained by the antiinflammatory properties of vitamin D, as assessed by serum hs-CRP. There was a modest weakening of the inverse association in those younger than 70 (OR in Q5 versus Q1 ¼ 0.72, 95% CI 0.38-1.35; P trend ¼ 0.06) ( Table 2) .
In women 70 years or older, the nonsignificant multivariate odds between serum 25(OH)D and NC in Q5 versus Q1 (OR 1.60, 95% CI 0.91-2.82; P trend ¼ 0.10) did not change after further adjustment for predictors of vitamin D or serum hs-CRP (Table 2) .
We also considered the presence of cortical opacities and their established adverse relationship with UVB exposure [44] [45] [46] as a potential contributor to the positive trend, as participants were not distinguished based on the existence of both cataracts. However, we did not find a significant adverse association between UVB and cortical cataract or changes in the trend between serum 25(OH)D and NC in the older women when cortical cataracts were excluded (data not shown).
Exploratory Analyses of Accumulated UVB Exposure
We hypothesized that with age, the cumulative harmful effects of UVB exposure to the lens might overshadow the beneficial effect of UVB on improving vitamin D status (through vitamin D production in the skin). Therefore, we might observe a net protective association through middle age and a net adverse association in old age, if cumulative lifetime UVB exposure were high. In order to explore this, we evaluated lifetime ocular UVB as a potential effect modifier in the relationship (22) 50 (19) between serum 25(OH)D and NC (Table 3) . We observed no significant interaction of the relationship between serum 25(OH)D and NC by tertiles of lifetime ocular UVB (P for interaction ¼ 0.69). However, we observed data trends that supported our speculation: A direct trend of the relationship between 25(OH)D and NC was observed only in older women with the highest UVB exposure.
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DISCUSSION
We observed no overall significant association between serum 25(OH)D and NC in a sample of postmenopausal, mostly Caucasian, women. However, we found a significant protective association in women who were younger than 70 years. This result may be a chance finding and requires replication in separate samples. Associations between vitamin D status and cataract risk are understudied; only one previous study has investigated associations between a blood biomarker of vitamin D status (reflecting all sources of vitamin D) and cataract. 47 In this case-control study of 112 individuals between 40 and 70 years of age, the authors observed a protective association for any, cortical, or posterior subcapsular cataracts with high compared with low blood vitamin D concentrations in women younger than 70, similar to our study results.
Several studies support the biological plausibility that vitamin D adequacy protects against cataract development by suppressing inflammation. Cataract incidence and prevalence have been directly associated with intraocular and acute systemic inflammation via plasma CRP, 25 IL-6, 24 and soluble intercellular adhesion molecule-1. 24 In addition, increased NC risk is observed in those with diseases that have inflammatory components, including arthritis 48 and diabetes mellitus. 3, 4, 26, 27 Vitamin D has been shown to suppress proinflammatory and toxic agents at the cellular level, such as TNF-a, 28 nitric oxide, 28 and IL-2 (required for differentiation of T-helper 1 lymphocytes). 29 Adequate vitamin D status has been related to lower rates of autoimmune diseases, including Type-1 diabetes, rheumatoid arthritis, and multiple sclerosis. [49] [50] [51] [52] Intraocularly, vitamin D decreases inflammation 53 in corneal cells in the anterior segment of the eye. Both 25(OH)D and its active metabolite 1, 25(OH) 2 D, have been detected in aqueous and vitreous humor and enhance corneal epithelial barrier function. 54 We explored the potential protection via an anti-inflammatory mechanism by adjusting for hs-CRP. However, the protective association between 25(OH)D and NC in the younger than 70 age group was only mildly attenuated, providing weak support for this hypothesis. Of note, serum CRP is a limited biomarker of systemic inflammation, reflecting the acute inflammation stage and not necessarily chronic inflammation. Serum CRP is not consistently related to NC risk with increased risk observed in the Physicians' Health Study, 25 but not in the present study (data not shown) or the Singapore Malay study. 55 Variables accounting for the largest degree of variability in serum 25(OH)D in this sample 42, 43 (vitamin D intake, UVB exposure, and BMI) attenuated the protective association observed in women younger than 70 years, whereas other predictors of healthy diets did not. Such evidence is consistent with a protective association. Previously indirect protective relationships between vitamin D intake and NC were observed in The Beaver Dam Eye Study: Reduced odds for NC were related to both milk drinking 56 (a key source of vitamin D intake in the United States) and moderate levels of vitamin D intake from supplements. 57 High vitamin D intake from supplements was associated with a decreased NC risk in smokers. 57 However, the associations between vitamin D intake and broad cataract outcomes (cataract of any type and cataract extraction) have been inconsistent; no significant Units ¼ Maryland sun years (msy). One unit is equivalent to one hr/d in mid-US latitude during a temperate month, not over water, and with no protection. # Ultraviolet B exposure at WHI baseline in msy; adjusted for hats, glasses, sunglasses.
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relationships with vitamin D intake were observed in two other studies. 58, 59 Obesity also has been related to cataract in previous studies [16] [17] [18] [19] [20] and is strong predictor of poor vitamin D status in this sample, explaining 7% of variability in serum 25(OH)D. 43 It may be that greater adipose tissue leads to more storage and thus lower 25(OH)D or that obesity may directly promote cataract development via direct oxidative stress and inflammation. 60 Attenuation of our study findings after BMI adjustment may be due to confounding or its influence on 25(OH)D variability. It was not possible to distinguish between these two influences in this study.
Implications for Relationships of Sunlight Exposure to NC
A protective influence of vitamin D status on NC development may explain why several studies have not observed a direct association between sun exposure and NC, [61] [62] [63] [64] despite the known effects of UVB on oxidative stress in the lens, 44 and consistent reports of UVB as an adverse risk factor for cortical cataract. [44] [45] [46] In the CAREDS sample, a nonsignificant inverse association between lifetime ocular UVB exposure and NC was observed. 21 We speculate that the lack of deleterious associations between sun exposure and NC may result from a dual role of UVB on NC formation, both causing oxidative stress and damage to the lens and preventing cataract formation via higher levels of cutaneous vitamin D production. 32 The balance between adverse and protective influences of UVB on NC formation might vary by latitude. This might explain the inconsistent relationships between light exposure and NC in previous studies. In three countries in the northern hemisphere in the mid to lower latitudes, adverse associations between UVB and NC risk were observed. [65] [66] [67] Conversely, in the present study 21 and in four other study populations, [61] [62] [63] [64] in latitudes north of areas of persons in the abovementioned cities, [65] [66] [67] did not find an adverse association. It is possible that, over time, persons living in the mid to lower latitude cities were more likely than persons in northern latitudes to have experienced an excess of UVB exposure relative to needs for vitamin D production, such that adverse UV effects on the lens outweighed the benefits.
In our study, we speculated that the opposing influences of UVB on NC formation might vary by age. As individuals live longer, chronic UVB exposure may lead to direct accumulative oxidative damage to the cortical lens, outweighing the protective influence of vitamin D. Consistent with the hypothesis, the different directions of the serum 25(OH)D and NC relationship by age group only persisted in the highest 
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UVB tertile. However, the sample size was small and CIs were large in these subsequent stratified analyses. An alternative explanation for the age interaction could be a selective mortality (or ''survivor'') bias. Vitamin D supplementation has been associated with falls prevention in older women; older women with higher vitamin D levels and cataracts may outlive those with lower vitamin D levels and cataract. 68 
Limitations
The longitudinal prevalence design of CAREDS is more likely to provide reliable estimates of causal associations of vitamin D status to NC in younger women, whose NCs are more likely to have developed after or near the time in which serum 25(OH)D was measured, than older women. These associations need to be confirmed in prospective cohort studies that better align the exposure assessment to the time in which lens opacities progress. The sample size limited the statistical power to assess a modifying influence of lifetime UV light exposure, which might have explained, in part, direct associations in women older than 70 years. An additional limitation is that we were unable to accurately distinguish between ocular and skin exposure to UVB.
CONCLUSIONS
In this study, 25(OH)D levels were unrelated to nuclear opacities. However, exploratory analyses suggest a protective association in women younger than 70 years. Further investigations of the relationship between vitamin D and nuclear lens opacities are warranted. If results of the analyses in women younger than 70 years are confirmed, given the high prevalence of vitamin D inadequacy, [69] [70] [71] [72] achieving vitamin D adequacy via foods, supplementation, or modest skin sunlight exposure may be a lifestyle modification beyond healthy diets 21, 31 that may lower NC risk and have significant public health impacts.
